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Abstract. The φ scalar boson is a new mediator proposed to describe the
direct light-by-light scattering observed recently in ultra-peripheral collisions
(UPCs) with ATLAS detector where two photons interact directly to gives
two photons in the final state. The proposed lagrangian present a description
to the forbidden process. The description presented in this paper consist the
interaction terms, the coupling to the Higgs boson to generate the mass for
this new resonance and the simulation using proton proton in order to observe
this process in other nominal LHC collisions, since the process is observed in
heavy-ions collisions.
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1 Introduction
Recently, a direct light-by-light scattering (γγ → γγ) phenomena is observed
with ATLAS detector at LHC in heavy-ion collisions [1, 2]. Thirteen events
of this highly suppressed classical-electrodynamic process were observed with
an expected background of 2.6 ± 0.7 events. In the Standard Model (SM)
of particle physics this process can be described with a box Feynman dia-
gram with all charged particles in the box (figure 1). In order to consistently
explain ATLAS results, a phenomenological model is described in this pa-
per. In Section 2, the effective Lagrangian associated to a new scalar boson
mediator between the two photons vertex is described. This Lagrangian is
derivated from the Axion-like Particles (ALPs) Lagrangian presented in [3]
by changing the interaction term and generating the ALPs mass using Higgs
mechanism as discussed in Section 3. Next, in Section 4, a signal simulation
using MadGraph5 aMC@NLO Monte Carlo generator [4] is treated to de-
scribe the kinematic of this φ− boson.
Figure 1: Elastic QED light-by-light scattering Feynman diagram
2 The φ Lagrangian
As abraded mentioned, the Lagrangian describing the light-by-light scatter-
ing is deriveted from [3] by introducing a new interaction terms using directly
the interaction between hyper-photon field Bµ before the symmetry breaking
and the new scalar φ. The φ exchange (figure 3) is described by the following
1
lagrangian density:
L = 1
2
(∂φ)2 − 1
2
M2φφ
2 − λ
2!
φBµBµ − 1
4
F µνFµν (1)
where F µν is the electromagnetic field strength tensor calculated using the
Bµ. λ and Mφ are the two free parameters in this model, the coupling
constant and the φ mass respectively. Since the φ mass is generated through
the Brout-Englert-Higgs mechanism. very simple Yukawa coupling to Higgs
bosons, by exploiting the invisible Higgs width decay we set a upper limits
on the φ mass (See Section 3).
Using eq1, the full width decay of φ to di-photon system is :
Γφ→γγ =
cos4 θwλ
2
2piMφ
, (2)
where θw is the Weinberg angle.
The φ scalar can also decay very weakly into two off-shell Z boson, this rare
process can be useful to prove the existence of the φ boson.
3 Mφ generation
In order to make this model renormalizable the φ mass was generated using
a very simple coupling to the Higgs field as following :
Lmass = 1
2
M2φφ
2 = γφΦ+φΦ, (3)
where Φ = 1√
2
(0 vev + h(x))+ is the Higgs field, h(x) is the excitation of
vacuum which correspond to the Higgs boson field, vev is the vacuum ex-
pectation value of the Higgs potential (∼ 246 GeV ), and γ is dimensionless
coupling constant between the Higgs boson and the φ boson. By develop-
ing (eq 3) is possible to derive the mass terms and all interaction vertices
between the Higgs and the φ boson:
Lmass = 1
2
γv2φ2 +
1
2
γφ2h2 + γvφ2h (4)
Eq 4 shows that M2φ is now equal to γv
2, and by using the Higgs boson decay
(figure 2)we can fix an upper limit on the γ coupling, consequently an upper
limit on the φ mass.
2
Figure 2: Higgs boson decay to φ
3.1 Upper limit on Mφ
The Higgs boson has a full width decay ΓH smaller than 1.7GeV with Con-
fidence Level (CL) 95% , and Γ(H → invisible) < 58% ∼ 0.9GeV at 95%
CL [5].
Assume that the Higgs to invisible is just the decay of the Higgs to two φ
bosons, that makes the Γ(H → φφ) ∼ 0.9GeV . and :
Γ(H → φφ) = γ
2v2
4piMH
, (5)
where we neglect the Mφ < MH in front of the mass of Higgs (125 GeV ).
using (Eq5), γ will be ∼ 0.153 and the Mφ ∼ 96.17 GeV . The limit on Mφ
shows that in an ideal case, φ has a mass in the range [0− 96] GeV . In the
case, the branching ratio of the Higgs boson to φ is just 0.1%, the mass of
φ is reduced to ∼ 17 GeV and γ ∼ 4.8 × 10−3. As a result, a signature of
di-Z boson scattering below the Higgs peak can be a powerful evidence of
existence of new physics at low di-photon invariant mass.
4 φ-Signal Simulation
To implement the full φ Lagrange density inMadGraph5 aMC@NLO, Feyn−
Rules packages [6] Mathematica [10] is used to create a UFO model, used
to generate the φ exchanging signal. To describe reconstruction effect a ad-
ditional smearing is applied using Delphes [7, 8] with ATLAS card modified
to allow reconstruction of low photon energy, the minimum Ptγ is set to be
4 GeV .
3
Figure 3: φ-exchanging feynman diagram
The di-photon invariant mass after simulation using the full φ Lagrangian,
fitted using Bukin [9] distribution, is shown in Fig 4.
Figure 4: Di-photons invariant mass distribution fitted using Bukin function
5 Conclusion
The presented phenomenological lagrangian describe very nicely the photon-
photon scattering observed by the ATLAS collaboration in heavy-ions col-
lisions, through a new scalar boson φ, the forbidden process may be also
observable in proton-proton (p-p) collisions, the cross section and the lumi-
nosity required to observe this resonance using p-p collisions will be studied
later.
4
References
[1] ATLAS Collaboration, Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC, arXiv: 1702.01625 [hep-
ex].
[2] ATLAS Collaboration, Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC, Nature Physics 13, 852-
858 (2017).
[3] Simon Knapen, Tongyan Lin, Hou Keong Lou, Tom Melia, Searching
for axion-like particles with ultra-peripheral heavy-ion collisions, arXiv:
1607.06083 [hep-ph].
[4] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer,
H.-S. Shao, T. Stelzer, P. Torrielli, M. Zaro, The automated computation
of tree-level and next-to-leading order differential cross sections, and their
matching to parton shower simulations, arXiv: 1405.0301 [hep-ph].
[5] C. Patrignani et al. (Particle Data Group), The Review of Particle
Physics (2017), Chin. Phys. C, 40, 100001 (2016), pdg.lbl.gov.
[6] Adam Alloul, Neil D. Christensen, Celine Degrande, Claude Duhr, Ben-
jamin Fuks, FeynRules 2.0 - A complete toolbox for tree-level phenomenol-
ogy, arXiv: 1310.1921 [hep-ph].
[7] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V. Lematre, A.
Mertens, M. Selvaggi, DELPHES 3, A modular framework for fast simu-
lation of a generic collider experiment, arXiv: 1307.6346 [hep-ex].
[8] The DELPHES 3 collaborationJ. de FavereauC. DelaereP. DeminA. Gi-
ammancoV. LematreA. MertensM. Selvaggi, DELPHES 3: a modular
framework for fast simulation of a generic collider experiment, JHEP 02
(2014) 057.
[9] A.D.Bukin, Fitting function for asymmetric peaks, arXiv: 0711.4449
[physics.data-an].
[10] WOLFRAM , Mathematica, Mathematica
5
